Abstract
-Introduction
Soft-handoff is a well known technique used in mobile CDMA systems [1, 2] , which allows a mobile station to communicate with more than one base station simultaneously during handoff. This makes a seamless handoff possible, besides providing a better signal quality due to macrodiversity [1] .
The employment of this technique has very little impact on the capacity of the uplink, since the same signal is transmitted by the mobile station, whether it is in soft-handoff or not. However, the same will not be true for the downlink. In this case, the same signal will be transmitted by two or more base stations, thus increasing the overall interference and consequently decreasing the capacity.
It is generally considered that the uplink capacity is much smaller than the downlink capacity, and that the former is thus the limiting resource in CDMA systems. The use of soft-handoff however, can reduce the capacity of the downlink to such an extent that it becomes the limiting resource, depending on the handoff procedure and parameters. This situation is highly undesirable, and it is therefore interesting to determine the real effect of the soft-handoff in the capacity, and its dependence on the handoff parameters.
The effect of soft-handoff in CDMA systems has been studied recently in several papers [3, 4, 5] . In [3, 4] the margin required to meet a constant call reliability is determined, both using soft and hard handoff. In [3] an analytical solution is derived for the uplink, while in [4] results are obtained through simulation considering the handoff procedures from GSM and IS-95. In [5] an analysis of the effect of soft handoff in the downlink capacity was made considering only the overlapping regions between different cells. In this paper we present an analysis of the downlink capacity with soft handoff, considering a propagation model that includes path loss and shadowing, as well as the influence of different handoff parameters and procedures.
In section 2 we consider a general handoff model and obtain an analytical solution for the change in capacity due to soft-handoff. In section 3 we use the handoff procedure and parameters defined in IS-95, and obtain results through simulation. A brief conclusion is presented in section 4.
-General Handoff Model
The increase of the interference in the downlink due to soft-handoff may be alternatively viewed as an increase in the effective traffic level in each cell. Let us define the parameter g as the average number of base stations that are simultaneously communicating with any single user at any given time. If the actual traffic level is λ/μ per cell, we may say that the effective traffic level will be (λ/μ)g per cell on the downlink. Therefore, in order to establish the effect of soft-handoff in the capacity of the downlink, we may determine the value of g in relation to the handoff parameters.
Let us first consider a two cell system. We assume that a mobile will be in soft-handoff with both cells if the reception level of both pilots is above a certain threshold. If we assume that all pilots are transmitted with the same power, we may compare only the fading between the base stations and the subscriber. Letting α i be the value of the fade between cell i and the mobile station, we may then consider that a mobile will be in soft-handoff if
where γ is the threshold value. We consider the propagation model used in [1] , where the fading between a subscriber in point (x, y) and base station i, in dB, is given by
where r i (x,y) is the distance between (x,y) and base i and m is the path loss exponent. ξ , ξ i are independent gaussian random variables with variance σ 2 and zero mean, that represent the shadowing effect. ξ is the same for every cell, and ξ i is a shadowing component relative to the i-th cell. a and b are parameters such that a 2 + b 2 = 1, a ≤ 1. If we consider that the mobile location coordinates (x,y) are random variables with joint probability density function f x,y (X,Y) in a certain region S 0 , the probability P SH that a subscriber is in soft-handoff is given by
Due to the symmetry of the problem, we may consider only the mobiles located in S 0 in Fig. 1 . We also assume a unitary distance from the centre of a cell to the border between cells, so that the mean signal fading will be 0 dB in relation to both cells for a user located in M In order to enable an analytical solution, we make a = 0 and b = 1, so that the shadowing fades for different cells are independent. Considering that the subscribers are uniformly distributed within S 0 , and taking M as the origin, we have 
where Q(.) is the well-known modified complementary error function. This analysis can be easily extended to a system with three or more cells. In this case the probability that a mobile is in soft-handoff with all N cells is given by
The traffic increase g due to soft handoff is calculated as the average number of base stations in soft handoff. We assume that the probability that the user is in communication with more than three base stations at the same time is very small, and calculate the value of g for a three cell system, based on equations (4) and (5) In this section we evaluate the reduction in the traffic capacity due to soft handoff in IS-95 CDMA. According to the IS-95 standard, each base station transmits a different pilot signal, which are in fact based upon the same pseudo-noise sequence, but with different delays. These pilot signals are constantly monitored by each mobile station, and the handoff is based on measures of the downlink signal-to-interference ratio. The algorithm defined in the IS-95 relies on a set maintenance procedure. All the pilots in the system are partitioned in the following sets :
Active Set : contains the pilots of every base station in simultaneous communication with the subscriber. Candidate Set : contains all pilots whose signals are strong enough for a good communication, and are therefore candidate to become active. Neighbour Set : contains the pilots of every base station that is adjacent to the main station, but whose signal is not strong enough for communication. Remaining Set : contains the pilots of every other base station in the system. The above sets are constantly updated depending on the following parameters : T_ADD : is the threshold level that a pilot signal must exceed, for it to be moved into the Candidate Set T_DROP, T_TDROP : If the level of a pilot belonging either to the Active or Candidate Set drops below T_DROP for at least T_TDROP seconds, it is excluded from its present set. T_COMP : If the level of a pilot belonging to the candidate set exceeds the level of any pilot belonging to the Active Set by at least T_COMP * 0,5 dB, it will be included in the active set. N 6m : is the maximum number of components in the active set.
At the beginning of any call, the Active Set is initialised with the pilot having the greatest received power. The Candidate Set is initially empty, the Neighbour Set contains the pilots of every geographically neighbour cell, and the Remaining Set, of every remaining cell in the system.
The pilot level is measured by the signal-tointerference S P /I, where S P is the pilot signal received power and I is the interfering power. Considering an N-cell system, all transmitting with the same power on the downlink, and assuming that a fraction β of each base station's power is dedicated to the pilot signal, we have that the received level of the 0th cell pilot is given by 
where α i is the fading between the subscriber and the i-th cell.
In order to obtain the value of g we must obtain the average number of elements in the Active Set. Due to the complexity of the algorithm, this calculation has been done through computer simulation. We have considered the same propagation model presented in the previous section, but this time we have considered a b = = 1 2
. We have assumed that each mobile moves with a constant speed, which is a uniform random variable between 0 e 100 km/h, and in a fixed direction, which is also a uniform random variable, between 0 and 2π. The duration of each call is an exponential random variable with mean 3 min. Besides the model so far presented, we have also considered that the fading has a spatial correlation. This is simulated following the Gudmundson model [6] , by which the fades from two points distanced d from each other, in relation to the same base station, have a correlation given by :
where d 0 is a constant that determines the rate of decay with the distance. In this simulation we have considered an urban environment, with d 0 =150m, m=4, σ =8dB and a distance of 4 km between adjacent base stations.Typical system parameters, based on field tests and simulations [4] are: T_ADD = −16dB, T_DROP = −20dB, T_COMP = 2,5dB and T_DROP = 5s. These values were taken as reference in the simulations, and the results for several values are shown in Tables 2, 3 In Table 2 we observe that the value of g increases with the decrease in both T_ADD and T_DROP. This can be expected, since in this case the conditions for a pilot to be candidate for soft handoff are loosened. We must remember that these parameters represent the minimum level required for a good quality of transmission, and therefore there is not much margin for a reduction in these parameters below the typical values. It can be noticed in Table 3 that the value of g increases with a decrease in T_COMP, since in this way the candidate pilots are more easily moved into the active set. We can also see that the lower the value of T_TDROP is, the larger is the value of g obtained, but the system is not very sensitive to variations in this parameter. In Table 4 we observe that very little or no change occurs when we vary the parameter N 6m above 3, and this is due to the effect that it is very unlikely that the mobile will be in soft-handoff with more than 3 base stations. It can also be seen that for typical values the increase in the downlink effective traffic will be around 40%.
-Conclusion
We have seen in the results presented in this paper that the employment of soft-handoff may cause a substantial decrease in the downlink capacity of CDMA systems, and may even dominate the overall system capacity, since the capacity of the uplink is about 30% or 40% greater than that of the downlink, and this value can be offset by an increase in the effective downlink traffic. Nevertheless, in order to have a more accurate picture of the problem, we must consider that the proportion of users in soft handoff will in practice vary in time, and the decrease in the downlink capacity may eventually be even lower than the one found in this paper. This situation however, requires further work. It is therefore necessary to carefully choose the appropriate handoff parameters, so that the system capacity is not substantially decreased, and yet maintain the performance improvements that can be obtained by employing soft-handoff.
